and secondary gaps can be determined accurately by extrapolating Landau fan patterns to § To whom correspondence should be addressed: jeiljung@uos.ac.kr, syjung@kriss.re.kr * These authors contributed equally to this work.
zero magnetic field and are as large as ≈ 17 meV for devices in near perfect alignment.
For bilayer graphene, we find that gaps occur only at charge neutrality where they can be modified by an external electric field. Tunneling signatures of in-gap states around neutrality suggest the development of edge modes related to topologically non-trivial valley projected bands due to the combination of an external electric field and moiré superlattice patterns.
The sublattice symmetry of graphene forbids the energy gap needed for graphene-based electronic applications. 1 Breaking sublattice symmetry would directly generate gaps, but requires atomic scale structure control that is still out of reach. Several alternative approaches for engineering graphene energy gaps have therefore been proposed, including narrowing graphene channels to sub nanometer dimensions 2 and subjecting graphene to periodic potentials to generate gaps at the superlattice-zone boundary. [3] [4] [5] Here we explore gap engineering based on recent experimental advances in realizing two-dimensional vertical van der Waals heterostructures between graphene and h-BN lattices. It is known that minimizing the orientation difference between the two lattices maximizes the influence of h-BN on the graphene electronic structure. [6] [7] [8] [9] [10] [11] If the aligned lattices were commensurate, gaps near 50 meV would be expected at charge neutrality. 12 At the same time, the difference in lattice constants implies that moiré patterns are formed when the lattices are aligned, [12] [13] [14] [15] giving rise to Hofstadter butterfly effects in a magnetic field and inducing second-generation Dirac points (SDPs) at the corners of the graphene-h-BN superlattice Brillouin zones. 16, 17 The question that follows is whether graphene superlattices generate energy-gaps at the SDPs, as expected for graphene under a periodic potential, 3, 4, 15, 16 and, if so, how large these gaps can be.
In single-layer graphene, the emergence of the energy gaps at the FDP and the SDPs has been experimentally confirmed by multi-probe conductance, 8, 9, 16, 18 magneto-optical spectroscopy 19 and angle-resolved photoemission spectroscopy (ARPES) . 20 However, the gap sizes inferred from different experiments have varied. It has been argued that a delicate interdependence between the atomic and electronic structures of graphene-h-BN heterostructures could affect energy-gap formation. For example, alteration of the gaps could take place upon encapsulating devices with another h-BN layer, 21 and application of external pressure in graphene on h-BN leads to a progressive increase of the gap at the FDP due to enhanced interlayer coupling. 18 Indeed recent ARPES measurements have established that sub-Angstrom changes of the interlayer distance between graphene and h-BN layers can induce a one-order swing. 20 Some of us, in an earlier theoretical work, had argued that relaxations of both graphene and h-BN lattices upon forming graphene-h-BN heterostructures and electron-electron interactions both play important roles in deciding the energy-gap size at charge neutrality.
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Compared with the rather rich experimental and theoretical reports on the gap states in singlelayer graphene, however, the experimental studies on the effect of moiré patterns in bilayer graphene are practically absent in the literature, and little is known about the influence of interactions with their underlying h-BN substrates.
Electron tunneling spectroscopy is a reliable and accurate metrology for analyzing the electronic structure of solid-state systems, and is especially useful for those with energy gaps, for example, superconductivity, charge-and spin-density waves, or quantum Hall effects. [22] [23] [24] By monitoring the tunneling current variation (differential conductance) with respect to energy (or tunneling bias voltage), the size of gaps and their positions with respect to the Fermi level (EF)
can be acquired straightforwardly and more directly than in temperature-dependent multi-probe 25 Despite the obvious advantages of tunneling spectroscopy for addressing gapped states, however, extracting accurate energy-gap sizes at the SDPs and even at the FDP has not been a focus, largely due to the ambiguity of locating the energy-gap boundaries in tunneling spectra, 26 a problem we will discuss later in detail.
In this report, we present tunneling spectroscopy measurements on single-and bi-layer graphene-h-BN superlattices with thin h-BN as a tunnel barrier fabricated using mechanical exfoliation and transfer approaches. The enhanced tunnel-junction stability of our graphene-h-BN heterostructures 27, 28 allows us to identify the positions of SDPs, and to establish whether an energy gap is formed at both the FDP and the SDPs as functions of the twist angle; the size of graphene superlattices, external electric and magnetic fields, and the number of carbon layers.
As a major advantage over previous reports addressing gaps, 8, 9, [17] [18] [19] [20] 29 we accurately track band edges by monitoring the evolution of Landau levels (LLs) that originate from energy-gap boundaries when gaps exist, or at band-crossing points in the absence of an energy gap. In single-layer graphene superlattices, the energy gap at the FDP becomes as large as ≈ 17 meV at near-perfect alignment. The broken-inversion symmetry of graphene-h-BN superlattices causes electron-hole asymmetries in the electronic structures of single-layer graphene superlattices, opening an energy gap as large as ≈ 16 meV at the SDP in the hole-doped region. No gap opens at the SDP in the electron-doped area. We observe that the gap at the SDP closes quickly as the twist-angle increases, while the gap size at the FDP decreases more slowly, and interpret the difference as being due to different microscopic origins of energy-gap formations in the two cases, i.e. that inversion symmetry breaking is sufficient at the FDP whereas the details of pseudospin mixing are crucial at SDPs. 30 In bilayer graphene superlattices, energy gaps fail to emerge at either the electron-and hole-doped SDPs because of a higher overall density of states and the presence of additional bands at mini-zone boundaries near the relevant energy. We establish that remote hopping contributions to the tight-binding Hamiltonian for intrinsic bilayer graphene play an essential role near the SDPs, and must be incorporated in the moiré superlattice
Hamiltonian. 31 Near the FDP, we also observe tunneling signals that could be related to the edge modes of valley resolved topological states resulting from the simultaneous presence of an electric field and moiré patterns in bilayer superstructures, 32 whereas the electric-field induced energy gap dominates tunneling spectra at the charge neutrality point. All the key experimental observations are qualitatively understood within a simple single-particle picture of single-and bilayer graphene-h-BN superlattices. A better quantitative agreement of the gap sizes with experiment should be achievable through the inclusion of many-body Coulomb interactions.
Results
Probing monolayer and bilayer graphene/h-BN Moiré superlattices. The optical viewgraph and the schematics of the tunneling and multi-probe devices are shown in Fig. 1d . Firstly, we carefully select mechanically exfoliated graphene flakes with well-defined crystalline edges. For some devices, flakes with both single-and bi-layer regions are chosen in order to systematically investigate layer-dependence effects on graphene-h-BN superstructures with the same twist angle.
Next, a thin h-BN flake with three to five layers and a thick graphite probe are sequentially transferred on top of the crystallographically aligned graphene-h-BN heterostructures to form planar graphene-h-BN tunnel junctions. To provide complementary information, we also fabricated edge-contacted multi-probe graphene devices, sharing both bottom h-BN/SiO2 backgate insulators and the graphene layer with tunneling devices (Fig. 1d) . With edge-contacted devices, the presence of the graphene-h-BN superlattices are confirmed through multi-probe conductance measurements with additional conductance (or resistance) dips (peaks) (Fig. S1) .
We 33 As displayed in Fig. S3 , the Raman intensity and the width of the 2D peak are heavily influenced by the formation of a graphene-h-BN superlattice. 33 In our devices, the twist angles estimated from the Raman measurements are consistent with the values from multi-probe measurements, implying that our graphene superlattices have little disarray from nearby graphene ripples or bubbles. 
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In the sample A (Fig. 1e) , the dI/dVb dip positioned lower than the FDP in Vb, therefore formed in the hole-doped region, is conspicuous when compared to the dI/dVb dip located in the electron-doped area. Quite on the contrary, both dI/dVb dips in the sample B (Fig. 1f) for BL-h-BN superlattices have similar dI/dVb magnitude for electrons and holes. We note that the electron-hole asymmetry in graphene-h-BN superstructures can be traced to the destructive and constructive combinations for electrons and holes of the moiré pattern matrix elements due to local mass and virtual strain patterns of comparable magnitudes. 36 These obvious differences in the degree of electron-hole asymmetry between SL-and BL-h-BN superlattices are due to negligibly small virtual strains that couple the two low-energy carbon sites in bilayer graphene on h-BN. (Fig. 2a) , the suppressed dI/dVb at the FDP (marked with a dotted white arrow) and the secondary dI/dVb dip (marked with a dotted yellow arrow) for the SDP in the hole-doped region are well recognized. Along with those dark dI/dVb bands running diagonally across the gate map, an additional dI/dVb dip (marked with a dotted green arrow) at the SDP in the electron-doped area is shown distinctly with a significantly weakened visibility in the gate mapping (Fig.2a ). In contrast, as shown in Fig. 2b , the electronhole asymmetries become weaker in the BL-h-BN superlattice, featuring as a pair of dI/dVb dips equidistantly spaced in Vb around the electrostatically induced bilayer-graphene energy gap at the FDP. As discussed in our previous report, 28 the bilayer energy gap at the FDP is proportional to the width of the suppressed dI/dVb band, which develops in the presence of an electric field between carbon layers. 28 Here, note that the suppressed visibility of the dI/dVb dips at the SDPs in the bilayer is close to the dI/dVb at the SDP in the electron-doped region in the single layer. In contrast, the dI/dVb dips at the FDP and the SDP in the hole-doped region of the SL-h-BN superlattice ( graphene. 26 In the presence of a perpendicular magnetic field, charged carriers in graphene collapse into well-separated LLs and the lowest LLs for electrons and holes coincide with the energy-gap boundaries. Therefore, the accurate assessment of energy gaps can be directly inferred from monitoring LL evolutions as the external magnetic field varies. Fig. 2d , dI/dVb dips are eminent at both the SDPs with far lower visibility than the ones for the gaps in the SL-h-BN superlattice. Around the dI/dVb dips, a secondary pair of LLs is observed at the lower Vb for the SDP in the hole-doping region and at the higher Vb for the SDP in the electron-doped area. All these observations point out that the energy gaps at both SDPs are not completely developed due to additional accessible bands around the BL-h-BN superlattice mini-zone boundaries, which will be further confirmed with detailed experimental results and theoretical calculations. We also defer the experimental and theoretical discussions on the electronic structures at the charge-neutrality point to a later part in this manuscript.
Landau-level spectroscopy. We are able to investigate the energy-gap formations and the states around both Dirac points in more detail by utilizing LL spectroscopy through fine control of external magnetic fields at a fixed Vg. show the high-resolution dI/dVb spectra from the sample A at the FDP (Fig. 3b) , the SDP in the hole-doped region (Fig. 3c) , and the SDP in the electron-doped area (Fig. 3d) , respectively. The suppressed dI/dVb bands with a pair of LLs around evidence the energy gap at the FDP (Fig. 3b) and the SDP in the hole-doped region (Fig. 3c) in SL-h-BN superlattices. Conversely, the LL (LL0, SDP) developed right at the SDP (Fig. 3d) proves that no energy gap is formed at the minizone boundary in the electron-doped area.
In 
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Electronic structures of bilayer graphene/h-BN Moiré superlattices. Next, we switch our discussions to the electronic structure variations at the charge neutrality point and the mini-zone boundaries in BL-h-BN superlattices. As shown in Figs. 2b and 2d , the most radical differences of BL-h-BN superlattice structures when compared with SL-h-BN devices are the lack of the fully-formed energy gaps with moderate electron-hole asymmetries at both SDPs. Figure 5a shows the LL-fan diagram from the BL-h-BN superlattice (sample B) with a spacing of B = 0.1 T at a fixed Vg = 10 V. It is clear that no fully-formed energy gaps develop at the SDPs, with the electrostatically induced gap at the charge neutrality point at Vb ≈ -120 mV and Vg = 10 V. The absence of the energy gaps at the SDPs is further confirmed in the high-resolution dI/dVb mappings taken at the SDP in the hole-doped region (Fig. 5b) at Vg = 10 V, and the SDP in the electron-doped area (Fig. 5c) at Vg = -20 V, respectively. Around the weakly suppressed dI/dVb bands at the SDPs, secondary sets of LLs are present at lower Vb for the SDP in the hole-doping region and higher Vb for the SDP in the electron-doped area. At B = 1 T, the secondary LLs start interfering with the gapped structures at the SDP and completely overtake them at higher B fields.
We numerically calculate the electronic band structure of BL-h-BN superlattices (Fig. 1c) , and the LL-fan diagrams around the FDP and the SDPs (Figs. 5e-5h ). We find that the simplest model accounting only for interaction effects between the h-BN and the bottom graphene layer is sufficient to capture most of the experimental observations in the LL-fan diagrams. A moderately advanced model considering the interactions between the h-BN and the top graphene layer is found to slightly facilitate the electron-hole symmetries by enhancing tunnel-feature visibility at the SDP in the electron-doped region. A full DFT model accounting for the coupling with the substrate would likely improve the agreement even more, but a detailed analysis is beyond the scope of the current study. As for the tunneling features at the FDP, however, the electrostatic interactions with the moiré patterns in BL-h-BN superlattices seems to be critical to understand experimental observations, as discussed below. Fig. 5d . In total, we have measured three BL-h-BN superlattices and all three devices reveal similar dI/dVb features inside electric-field induced energy gaps. Figure 6 shows the high-resolution dI/dVb spectra map from the additional BL-h-BN superlattice device with a twist angle of 0.65°. The mid-gap feature developed inside the electrostatically induced gaps is marked with a dotted red arrow. It is interesting to point out that the spectra are much clearer in the sample C (Fig. 6 ) when compared with those in the sample B (Fig. 2b) , indicating that the planar graphite-tunnel h-BN-BL-h-BN superlattice tunnel junction in the sample C is less susceptible to momentum-relaxation tunneling events from mechanical deformations such as bubbles and structural defects in the junction. The strong resonance peaks, appearing as negative dI/dVb bands (blue arrows in Fig. 6 ), further support that the relative crystalline-angle alignments of graphene and the top graphite probe are well preserved in the sample C. These intriguing in-gap tunneling signals could be consistent with the picture of the edge modes associated with the low energy Chern bands expected from the simultaneous presence of the moiré superlattices and vertical electric fields in BL-h-BN superlattices being pushed into the gap. 32 In Fig. S8 , we show the Berry curvature plots of the low energy moiré bands of BL-h-BN superlattice that gives rise to either zero or finite Chern number C = ±2 depending on the sign of interlayer potential difference.
Mid-gap modes in bilayer graphene

Discussion
We have carried out a careful analysis of the electronic structure modifications in graphene-h-BN superlattice structures with varying twist angle, external electric and magnetic fields, and the number of carbon layers. Benefited by the much improved tunnel-junction stability with thin h-BN as a tunnel barrier, the energy gaps formed both at the FDP and the SDP in the hole-doped region in SL-h-BN superlattices are accurately assessed by high-resolution LL spectroscopies.
The absence of the gap around the electron-doped SDP is confirmed. In BL-h-BN superlattices, the electron-hole asymmetries are significantly moderated with an energy gap not fully developed at both SDPs. We also find out experimental signatures of the mid-gap modes at the FDP due to the simultaneous presence of an electric field and moiré patterns in BL-h-BN superlattices. All the key experimental observations are qualitatively understood within a singleparticle picture. Qualitative agreement between the single-particle theory and experiments is found, while some differences in the slopes of the tunneling gaps can arise due to electrostatic charging effects of the LL. (inset) Numerically calculated energy gaps at the primary Dirac point in SL-h-BN superlattices with a consideration of fully relaxed graphene and h-BN lattices within a single-particle picture. We observe a fast closure of the secondary Dirac point energy gap that is independentr of stain effects due to lattice relaxations. Vg (V)
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